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Abstract. Cell adhesion plays a fundamental role in
the organization of cells in differentiated organs, cell
motility, and immune response. A novel micromanipu-
lation method is employed to quantify the direct con-
tribution of surface adhesion receptors to the physical
strength of cell adhesion. In this technique, a cell is
brought into contact with a glass-supported planar
membrane reconstituted with a known concentration of
a given type of adhesion molecules. After a period of
incubation (5-10 min), the cell is detached from the
planar bilayer by pulling away the pipette holding the
cell in the direction perpendicular to the glass-
supported planar bilayer. In particular, we investigated
the adhesion between a Jurkat cell expressing CD2
and a glass-supported planar bilayer containing either
the glycosyl-phosphatidylinositol (GPI) or the transmem-
brane (TM) isoform of the counter-receptor lympho-
ELLadhesion plays a fundamental role in the develop-
ment of multicellular organisms, cell motility, and
immunological responses (23, 29, 33) . In this study
we used a micromanipulation technique to determine the di-
rect physical contribution of surface adhesion receptors to
antigen-independent T lymphocyte adhesion. In particular,
we investigated the adhesion of Jurkat human T lymphoma
cells to planar bilayers containing lymphocyte function-
associated antigen 3 (LFA-3)' molecules.
The interaction of a T lymphocyte with other cells and
with extracellular matrices is mediated by an ensemble of
surface adhesion molecules. As demonstrated by the strong
adhesion of cultured T cells to cells lacking a specific anti-
gen, some T cell adhesion molecules can function indepen-
dently of the T cell receptor for antigen. Antigen-indepen-
dent T-lymphocyte adhesion is due to the binding ofCD2 and
LFA-1 receptors on the T cell to LFA-3 and intercellular
adhesion molecule (ICAM)-1 and -2 counter receptors on the
1. Abbreviations used in this paper: GPI, glycosyl-phosphatidylinositol;
ICAM, intercellular adhesion molecule; LFA, lymphocyte function-asso-
ciated antigen; TM, transmembrane.
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cyte function-associated antigen 3 (LFA-3) at a con-
centration of 1,000 molecules/pm2. In response to the
pipette force the Jurkat cells that adhered to the planar
bilayer containing the GPI isoform of LFA-3 under-
went extensive elongation. When the contact radius
was reduced by -50%, the cell then detached quickly
from its substrate. The aspiration pressure required to
detach a Jurkat cell from its substrate was comparable
to that required to detach a cytotoxic T cell from its
target cell. Jurkat cells that had been separated from
the substrate again adhered strongly to the planar
bilayer when brought to proximity by micromanipula-
tion. In experiments using the planar bilayer contain-
ing the TM isoform of LFA3, Jurkat cells detached
with little resistance to micromanipulation and without
changing their round shape.
target cell, respectively (31, 33). Adhesion molecules CD2
and LFA-3 are both members of the Ig super family and can
mediate cell-cell adhesion even in the absence of Mg+2 (12,
30). By contrast, LFA1 is an integrin and requires Mg+2 for
interaction with its multiple ligands ICAM-1 and ICAM-2.
Purified receptors reconstituted in planar phospholipid
bilayers have been used to evaluate the minimal requirements
for immunological recognition and adhesion (3, 11, 12, 25).
In these experiments, lymphocytes are placed on a horizon-
tal coverslip that has been coated by a planar bilayer contain-
ing a giventype of counter receptor. A flow chamber can be
used to determine the percentage of adhering cells to a sub-
strate as a function of applied fluid shear stress (6, 22, 26,
28). This system has been used to study adhesion of T lym-
phocytes through CD2 to LFA-3 incorporated in planar bi-
layers. The development with timeofresistance to subsequent
shear-induced dislodgement was studied as a function of ad-
hesion receptor density and mobility (6) . The mobility of
LFA-3 within the artificial lipidbilayer was determined using
the method of fluorescence recovery after photobleaching
(6) . These experiments are useful in characterizing the bulk
properties ofadhesion for a large number ofinteracting cells,
997but a direct evaluation of contact areas and the cell deforma-
tion during detachment is not possible with this system.
More recently, a micromanipulation procedure was devel-
oped to quantify the geometry ofcontact between two adher-
ing cells, the change in cell shapeduring forced detachment,
and the force required for de-adhesion. The lectin-induced
adhesion of erythrocytes (16, 17), the adhesion between lipid
vesicles (15), and the adhesion between a cytotoxic T cell
and its target cell,(34, 40) were investigated with this
method. The micromanipulation data on the coupling be-
tween a cytotoxic T cell and a target cell reflect the contribu-
tion of an ensemble of complementary adhesion receptor
pairs to the physical strength of T-lymphocyte adhesion. It
is desirable to complement such data with information about
the physical contribution ofa givenpair of interacting adhe-
sion molecules to Tlymphocyte adhesion.
In this paper, we used a new micromanipulation technique
developed by K-L. P Sung to determine the adhesive energy
density between a cell and a glass-supported planar bilayer
membrane containing a given type of purified receptor. It is
possible with this procedure to compare the contribution of
distinct sets of receptors and counter receptors to the physi-
cal strength of adhesion of a particular type of cell-substrate
system. A planar bilayer possesses the simplest geometry as
a substrate (zero surface curvature) and, thus, yields readily
to the analysis of the micromanipulation data. The planar
bilayer system utilized here has already proved useful in de-
termining the lateral diffusion coefficients of protein macro-
molecules within the lipid bilayer (6, 37).
Recent biophysical models ofcell adhesion (1, 2, 8, 40, 39)
have correlated the macroscopic parameters of adhesion,
measured here, with the surface density of adhesion mole-
cules, their binding affinity, and their lateral diffusivity, the
parameters that are available for the CD2 LFA-3 interaction
consideredhere (6) . A fundamental significance of this novel
micromanipulation method is that experimental data can be
used in conjunction with the analytical approach to yield in-
formation on the micromechanics of cell-cell adhesion.
Materials andMethods
We considered the separation ofa Jurkat cell from a glass-supported planar
bilayer containing LFA3. The Jurkat human T lymphoma cell line was
selected for its high level of expression of CD2 (L6 x 105 receptors/cell
(27). The culture medium in which the Jurkat cells were suspended was
RPMI/10% FCS/25 mM Hepes (pH 7.4).
In the experiments, we used two distinct isoforms of purified LFA-3,
which differ in membrane anchorage, one with a transmembrane peptide
(TM LFA3) and the other with a glycosyl-phosphatidylinositol moiety
(GPI LFA-3) (13). The GPI LFA-3 was isolated from human erythrocytes
by using the method of Dustin et al. (13). The TM LFA3 was similarly
affinity purified from the Epstein-Barr virus transformed B lymphoblastoid
JY cell clone 33, a mutant line that does not express GPI-anchored proteins
and therefore only expresses the TM isoform ofLFA-3 (19). Chan et al. (6)
showed that GPI LFA3 is laterally mobilewhereas the TM LFA3 is practi-
cally immobile within the glass-supported planar bilayer. The lateral
diffusion coefficient ofGPI LFA-3 was found to be 2.3 t 1.0 x 10- 9 CMZ/s
with 73 t 13% fractional recovery at room temperature (21-23°C). The
TM LFA-3 was practically immobile with <10% fractional recovery, possi-
bly due to interaction of the cytoplasmic domain with glass.
For our experiments, LFA3 was reconstituted into egg PC liposomes by
using the procedure described by Dustin et al. (11) and Chan et al. (6). The
liposomes containing purified LFA3 were suspendedin 'Iiris-saline (25 mM
Tris-HCI, 150 mM NaCl, pH 8.0). The liposome suspension was stored at
4°C under nitrogen to minimize the effect of oxidation of lipids.
The planar lipid bilayers were prepared as described in McConnell et al.
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(25). Briefly, the glass chips (2 x 10 x 0.1 mm) made by cutting a grade-1
Fishercoverslip were boiled for 30 min in a Linbro 7x detergent/watersolu-
tion (1:6). The chips were then rinsed in deionized water -50 times over
1 h. Absolute ethanol was used for the last rinse, and the glass pieces were
separated on filter paper to air dry. A single glass chip was then positioned
vertically in a round glass chamber by the use of a dissecting microscope
and glued to the bottomofthechamber. A 5-10-IA1 dropofliposome suspen-
sion was then added on to the glass chip, andthe chamber was covered with
moist paper towelsto retardevaporation. After25 min atroom temperature
(21-23°C), the chamber was flooded with the medium and washed without
exposing the chip surface to air.
The planar bilayers formed with the procedure described above are uni-
form and continuous as shown by incorporation of a fluorescent lipid ana-
logue, NBD-PE, and examination under a Meridian ACAS 570 interactive
laser cytometer (6). The planar bilayers formed by the identical procedures
in these studies had a uniform appearance in sections ofosmium-fixed sam-
ples examined with a JEOL 1000/ÁSID EM (5). The low mobile fraction
(<10%) of TM LFA-3 suggests the absence of significant degree of mul-
tilayering of the planar bilayer. If the planar bilayer were to consist of mul-
tilamellar bilayers, TM LFA-3 would then be expected to be highly mobile
since the cytoplasmic domain of TM LFA-3 (only 12 amino acids long) on
the top bilayer would not be able to anchor to the glass surface.
The surface density of both isoforms of LFA-3 in the upper leaflet ofthe
planar bilayers was estimated by immunoradiometric assay directly on the
planar bilayers formedunderidentical conditions (6). Both LFA3 forms are
uniformly distributed in the planar bilayer as judged by fluorescence. As
shown by Dustinet al. (14), the enzymatically generated soluble extracellu-
lar portion of GPI LFA-3 and the detergent-solubilized GPI and TM iso-
forms ofLFA-3 behave as monomers, suggesting no strong tendency to ag-
gregate. Inthe experiments presented inthe next section, the surface density
of both isoforms of LFA-3 measured in sites/Am' was approximately equal
to 1,000 (994 t 31 for GPI LFA-3 and 1,069 t 46 for TM LFA-3), unless
otherwise noted.
A micropipette was mounted on a hydraulic micromanipulator on the
stage of an inverted microscope (15). The stickiness of Jurkat cells to the
holding pipettes was reduced by filling the micropipettes with the culture
medium before experiments. The wide end of the pipette was connected to
a pressure regulation system. AJurkat cell in the micromanipulation cham-
ber was held at the tip of the pipette by the applicationof a small aspiration
pressure (100-500 dyn/cm2). The cell was then brought close to a vertical
glass-supported planar bilayer reconstituted with a given type of purified
adhesion receptor. The negative pressure inthe holdingpipette was removed
and the cell was allowed to interact with the planar bilayer for 5-10 min.
After the completion of the period of incubation, a Jurkat cell adhering
tothe planarwall was captured by themicromanipulation ofthe pipette with
a small aspiration pressure. The pipette was positioned at all times approxi-
mately perpendicular to the planar bilayer in order to preserve an axisym-
metric cell geometry during peeling. As the pipette was gradually moved
away from the planar bilayer, the aspiration pressure in the pipette was in-
creased in small steps to a level that would allow the complete separation
of the cell from the planar bilayer. The videotaped sequence of the
micromanipulation experiments showed thatthe aspirated portion ofthe cell
increased in length as the aspiration pressure was increased, and that at low
suction pressures the cell slipped out of the pipette. The minimum aspira-
tion pressure that led to the detachment ofa Jurkat cell from the receptor-
containing planar bilayer was referred to as the critical separation pres-
sure (P).
The micromanipulation events depicting the transient peeling of a cell
from its substrate were continuously recorded by using an inverted micro-
scope, a video camera, and a video time-recorder system.
Results
The Deformability ofJurkat Cells
Deformability of the Jurkat cells was assessed by micro-
pipette aspiration (35, 36). The suction pressures used in the
experiments ranged from 400 to 900 dyn/cmz. The length
of the resulting cell projection in the pipette was comparable
to the pipette radius (1.5-2 .5 lm) . Micropipette aspiration
results were analyzed by using the leukocyte deformability
model in which the cell was idealized as a cortical shell en-



























T, Isotropic cortex tension; K, Elastic coefficient of the cytoplasm; p, Viscous coefficient of the cytoplasm.
Table11. DetachmentofJurkat Cellsfrom a Planar Membrane Reconstituted with 1,000 LFA-3 Molecules/,am2
R., Radius of the pipette; R°,, Radius of the contact region before detachment; P, Critical aspiration pressure; y, Adhesive energy density. The parameter y was
computed by using the following equation: y = (PR2p/2k) sin B (1 - cos¢)/sino where 0 and B are the angles the cell surface makes with the planar membrane
at the edge of conjugation and at the tip of the pipette, respectively (17, 40). ' The parameter y was computed by using the equation y = PR2/(3aRo) where Ro
is the radius of the Jurkat cell (20).
parametersofcell deformability deduced from micromanipu-
lation data are the isotropic cortex tension (To), the elastic
coefficient of the cytoplasm (K), and the viscous coefficient
of the cytoplasm (A,) (Table I) . The values of To and K were
of the same order of magnitude of those for leukocytes (9),
but the value of P, was about an order of magnitude lower.
Jurkat CellsInteracting With Planar Membranes
Containing GPI LFA-3
We performed a set of control experiments using glass chips
without planar bilayer coating or coated with planar bilayer
without protein incorporation. The glass chip, vertically po-
sitioned on the bottom of the chamber, was cleaned as be-
fore. The cell suspension was introduced into the chamber
after the chamber had been washed several times with the
medium. The results of these control experiments showed
that the Jurkat cellsdid not adhere to the clean glass surface
prewashed with the medium. When the vertical glass chip
was coated with a planar bilayer without LFA-3, the Jurkat
cells also did not bind to the planar bilayer.
Jurkat cells conjugated strongly with planar bilayers re-
constituted with 1,000 GPI LFA-3 molecules/Am2. Our ex-
perimental measurements on Jurkat cells interacting with
LFA3-bearing planar bilayers are summarized in Table II.
The radius of conjugation (Rc) remained essentially con-
stant after the initial 5-10 min of the incubation period; its
maximum value in an experiment was denoted as K°. The
results of43 experiments in which a differentcell was brought
to a different location on the planar bilayer containing GPI
LFA-3 showed that Ko was equal to 2 .5 t 1.5 (SD) Am.
The critical aspiration pressure required to detach these cells
from the GPI LFA-3-bearing planar bilayer was (2.7 f 1.5)
x 103 dyn/cm2. The average diameter of the Jurkat cells
used in the experiments was 15 t 2 Am. An increase in the
duration of incubation from 5-10 min to 20-30 min did
not result in a significant increase in the critical aspiration
pressure.
A typical sequence of micromanipulation events with GPI
LFA-3 is shown in Fig. 1. We plotted in Fig. 2 the diameter
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of the contact area (Dc) and the distance between the planar
bilayer and the tip of the pipette (Lc) as a function of time
for the micromanipulation events shown in Fig. 1. These
figures show that the cell elongated in the direction ofthe pi-
pette. When the diameter of the contact area decreased by
-50%, the cell detached suddenly from the planar substrate
in the second phase that lasted typically less than a second.
The contour of the part ofthe cell previously in contact with
the planar bilayer remained flat immediately after detach-
ment. The Jurkat cells that had just been detached from the
substrate again adhered strongly to the planar bilayer when
brought into proximity by micromanipulation.
The mode of cell detachment from the membrane-coated
glass chip is unknown. It is possible that part of the cell
membrane most tightly adherent to the membrane-coated
glass chip might have been sheared off the cell and remained
behind on this planar surface, whilethe cell quickly resealed
itself. Ifthe planar bilayer remained adherent to the underly-
ing glass chip during cell detachment, the separation of the
cell from the substrate may have occurred as a result of (a)
the detachment of CD2 molecules on the surface of the Jur-
kat cell from LFA-3 molecules on the planar bilayer and (b)
the extraction of CD2-LFA-3 bonds from either the Jurkat
cell membrane or the planar bilayer. Our studies do not allow
a differentiation between these possibilities.
A small subgroup ofJurkat cells (4 out of 43 experiments)
detached from the planar substrate without a significant
change in morphology from their round configuration (Fig.
3). The critical aspiration pressure required to detach a Jur-
kat cell in the experiments that belonged to this subgroup was
(0.7 f 0.2) x 103 dyn/cm2. This is approximately fourfold
smaller than the mean aspiration pressure for the other Jur-
kat cells interacting with the GPI LFA-3-bearing planar
bilayer. The reason for this variation is unknown and may
reflect on the heterogeneity of Jurkat cells and/or the planar
bilayer.
Micromanipulation experiments were also conducted on
planar bilayers containing -100 GPI LFA-3 molecules/
Am'. This surface density of LFA-3 is comparable to the












GPI LFA-3 1,000 1.5-2.5 2.5 t 1.5 2.7 t 1.5 0.06 t 0.03
GPI LFA-3 100 2.0-3.4 2.5 f 0.8 0.6 f 0.4 0.03 t 0.01
TM LFA-3 1,000 2 1.0 t 0.6 0.1 t 0.1 (4 t 3) x 10-4Figure 1 . Sequence ofphotographs showing a typical timecourse ofdetachment ofa Jurkat cell from a glass-supported lipid bilayercontain-
ing 1,000 GPI LFA-3 molecules/pmt (P = 4.5 x 103 dyn/cm2 and R, = 1 .7 Am) . The photographs were taken from theTV monitor and
represent the discrete instances ofthe micromanipulation events observed in an experiment . The numbers on the top ofthe screen represent,
in order, month, day, hour, minute, second, and tens of milliseconds .
(6) and the surface density ofGPI LFA-3 onhuman erythro-
cytes (50 sites/p,m2) (30) . The results of the micromanipu-
lation experiments are shown in Table II . Jurkat cells spread
on planar bilayers containing 100 GPI LFA-3 sites//,&m 2
during 5-10min incubation, as in the experiments with 1,000
sites/p.m2 . The critical force (P RP2
) and the extent of cell
elongation before detachment were less than those for ex-
periments with 1,000 GPI-LFA-3/pmt . These results show
the existence of significant binding of Jurkat cells to planar
bilayers reconstituted with GPI LFA-3 for a wide range of
LFA-3 concentrations.
Adhesion ofJurkat Cells to PlanarMembranes
ContainingTMLFA-3
When the planar bilayer contained TM LFA-3 instead of GPI
LFA-3, at the same surface density of 1,000 LFA-3 mole-
cules/lAm2 , the adhesion of the Jurkat cell to the planar bi-
layer was so weak that in many instances it was difficult to
measure the contact radius . An increase in the duration of
incubation from 5-10 min to 20-30 min did not result in an
increase in the contact area . For eight experiments in which
the contact area was clearly visible under the microscope,
we found that K° = 1 .1 f 0.6 Am . The cells that adhered
to theTM LFA-3-bearing membrane detached rapidly when
the pipette holding the cell was pulled away at comparable
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speeds. The Jurkat cells preserved their round shape during
the course of separation asshown in Fig . 4 . The critical aspi-
ration pressure for TM LFA-3 was (0.1 t 0.1) x 103 dyn/
cm', which was N25-fold smaller than the corresponding
pressure in GPI LFA-3 experiments . The critical aspiration
pressure did not increase significantly when the duration of
incubation was increased to 20-30 min .
Discussion
Macroscopic Parameters ofAdhesion ofa Cell
to a Substrate
In applied mechanics, the adherence strength ofa body (such
as a tape or a beam) to a rigid planar substrate is investigated
by measuring the external forces required to detach the body
from the substrate . In engineering analysis of peeling and
crack propagation, a boundary condition characterizing the
breaking of adhesive bonds between a body and a substrate
is derivedby introducing the concept ofadhesive energy den-
sity, y (dyn/cm), i .e., the energy per unit area absorbed at
the moving edge of separation (4) . In the case of detachment
ofa flexible but inextensible tape from a planar substrate, the
work done by the tension in the tape during peeling is used




Figure 2. The time histories of the diameter of conjugation (DJ
andthe distance between the planar bilayer and thetip ofthe pipette
(I.J during detachment for the micromanipulation events shown in
Fig. 1 .
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In the case of cell detachment by micromanipulation, the
adhesion parameter y is equal to the meridional membrane
tension Tc multiplied by the geometric term (1-coso) (17,
40) . Here, 0 denotes the angle the cell surface makes with
the planar bilayer at the edge ofconjugation. It is not possible
to measure the meridional cell membrane tension at the edge
of conjugation . For this reason, in previous studies of cell
adhesion, the parameter T, was evaluated from microma-
nipulation data by using the equations of static equilibrium
and assuming that the pressure difference between the cell
and the surrounding medium was negligible in comparison
with the critical aspiration pressure (17, 40) . Our computa-
tions (not presented here) show that this procedure yields
y values that are practically identical to the ones predicted
by a cell model in which the circumferential tension in the
cell membrane is negligible in comparison with meridional
tension . This is a reasonable approximation for cases in
which the cell adhering to the planar bilayer stretches exten-
sively in the direction of the pipette prior to detachment .
Comparison oftheStrength ofAdhesion between
Jurkat CellsandPlanar MembranesContaining
LFA-3 with Thatfor VariousCell Couples
We computed the value ofthe adhesive energy density at the
initial stage of detachment of Jurkat cells from planar
Figure 3. Sequence of photographs showing the micromanipulation of a Jurkat cell adhering relatively weakly to a glass-supported lipid








10 20 30 40 50Figure 4. Sequence of photographs showing the time course of detachment of a Jurkat cell from a planar bilayer containing TM LFA-3
(P = 0.1 x 103 dyn/cm2 ; Rp = 1.8 jm) .
bilayers containing 100 and 1,000 GPI LFA-3/AmI from
micromanipulation data by using the equation presented by
Evans and Leung (17) (see Table II) . This equation may not
be validwhen the viscous dissipation in the cell becomes im-
portant. Thismay be the case in the final stageofdetachment
when the contact area decreases and the cell elongates rap-
idly (Fig . 1) . For experiments in which the cell preserved its
axisymmetry during detachment, the adhesive energy den-
sity (y) was equal to 0.03 t 0.01 dyn/cm for 100 sites/ß,m2
and 0.06 f 0.02 dyn/cm for 1,000/Am2 . Adhesion energy
density is not linearly dependent on the surface density of
GPI LFA-3 within the planar bilayer when this density is
comparable or greater than the corresponding surface den-
sity of CD2 molecules on a Jurkat cell .
Jurkat cells detached from planar bilayers containing TM
LFA-3 so quickly that it was not possible to evaluate the geo-
metric parameters required for the computation of the adhe-
sion parameter y by using the method of Evans and Leung
(17) . Furthermore, the assumption that the pressure differ-
ence between the cell and themedium is small compared to
the critical aspiration pressure may not be valid for cells
weakly adhering to a substrate . For this reason, the adhesion
parameter y was computed by using the analytical solution
for an elastic sphere adhering to a substrate (20) . In this for-
mulation the critical force of detachment (P RP
2) divided by
(31ry R.) is equal to where Ro denotes the radius of the
sphere (7.5 Am) . This formulation is appropriate for Jurkat
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cells adhering to TM LFA-3 because even if the Jurkat cells
are viscoelastic, their short time behavior is essentially elas-
tic. The adhesion parameter y computed with this procedure
is equal to 0.4 x 10-° dyn/cm (Table II) . This is -100-fold
smaller than that forGPI LFA3 at the same surface density.
The adhesion parameter y at the initiation of detachment
of a cytotoxic T cell from its target cell is approximately
equal to 0.20 dyn/cm (40) . This adherence strength is about
sixfold greater than that of a Jurkat cell detached from a pla-
nar bilayer containing 100 GPI LFA-3/pmt . This suggests
that the reversible interaction of T cell receptor CD2 with
its counter-receptor LFA3 is only one ofmany factors con-
tributing to the physical strength of adhesion ofT cells to
their target cells.
A PossibleMechanismfor theRapid Propagation of
the Edge ofSeparation
The rapid detachment of Jurkat cells from planar bilayers
containing GPI LFA-3 after they deformed in response to
micromanipulation is different from the corresponding de-
tachment of cytotoxic T cells from their target cells (34) .
As the contact area between a cytotoxic T cell and its tar-
get cell reduced gradually towards zero during detachment
by micromanipulation, the adhesion parameter y increased
10-fold (40) .
The mechanism of cell detachment shown in Fig . 1 is
1002reminiscent of the propagation of a crack through a solid.
Consider, for example, an infinitely long elastic beam with
a partial split of a length X at one of its ends from a planar
substrate to which it adheres. As discussed by Burridge and
Keller (4), the splitend of thebeam will initially be displaced
away from the planar substrate without a change in X in re-
sponse to a force applied at the split end of the beam in the
direction normal to the beam-substrate interface (F). The
crackwill expand at its tip towards the other edge of the beam
only after the beam curvature at this point exceeds a critical
value, say K. The parameter K is related to the adhesive
energy density y and the bending rigidity of the beam EI by
the simple equation: K = (2y/EI)'n. The stability analysis
of this problem shows that the crack will propagate rapidly
and catastrophically once the force F acting at the cracked
edge ofthebeam exceeds (K(EI)/X). This is because the elas-
tic bending energy stored in the beam by the force applied
at the cracked edge is released during crackpropagation and
absorbed at the moving boundary.
The fracture solution discussed here shows that the critical
normal force that initiates crack propagation increases with
increasing adhesive energy density. This may be one reason
why crack propagation is not observed during the forced-
detachment of T cells from their target cells. The geometry
of the Jurkat cell at the time of separation, Fig. 1, is quite
different from that of an elastic beam, but the concept of
the reason for rapid crack propagation probably applies.
Namely, the strain energy stored in the Jurkat cell is released
once the critical load is reached, and this energy is rapidly
used to propagate a crack.
In the case ofthe adhering beam, the critical force for initi-
ation of crack propagation is inversely proportional to the
initial crack length X which acts like a lever arm. There is
no immediate counterpart ofthis initial crack length in case
ofa more or less spherical cell like the Jurkat cell. However,
the complement of X, namely the attached length or contact
area is a significant parameter in the cell case. For elastic
spheres, it can be shown that there is a critical force and criti-
cal area of contact at which rapid separation follows, due to
the strain energy release when separation starts.
TheMorphology ofJurkat CellsAdheringto Planar
Membranes ContainingGPILFA-3
We simulated the cell shapes observed in the micrographs
shown in Fig. 1 by using a cell model in the form of an ax-
isymmetric membrane encompassing a fluid-like material.
The cell membrane was defined as the plasma membrane and
the attached cytoskeletal structures such as the actin-rich
cortical shell. In this model, the force exerted by the pipette
on the modeled cell is transmitted to the edge ofconjugation
by the meridional cell membrane tension and the pressure
difference between the cell and the medium is assumed to be
finite but uniform.
Two particular cases of membrane tension distribution
along the cell surface are considered. In model 1, the cir-
cumferential cell membrane tension (Tz) is assumed to be
negligibly small in comparison with the meridional cell
membrane tension (Tc). This model may be reasonable for
cases in which the cell undergoes significant extension in the
direction ofthe pipette (e.g., in the majority of the GPI LFA-
3 experiments) . The load carrying components of the cell
membrane (i.e., actin fibers in the cortical shell) will tend
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to align themselvesalongthe meridional direction as the cell
is stretched by the pipette, resulting in an increased meridio-
nal tension.
In model 2, we consider the other extreme, namely, the
case in which the tension in the cell membrane is isotropic
(T = Tz). It is expected that this is a reasonable model for
lipid bilayer vesicles and for cases in which the deviation
from a spherical cell shapeis not extensive (e.g., in the small
subset of the GPI LFA-3 and all TM LFA-3 experiments).
Fig. 5, column 1, shows the experimental cell contours at
three discrete times during the micromanipulation events
presented in Fig. 1. The modeled cell contours correspond-
ing to these experimental cell shapes are given in column 2
(model 1) and column 3 (model 2) . The figure shows that
both models reproduce the general shapes of the cell ob-
served in a micromanipulation procedure, but model 1 con-
sistently predicted more accurately than model 2 the axial
length of the deformed cell attached to the GPI LFA3 bear-
ing planar bilayer.
The model cell contours deviate from the actual cell con-
tours in one respect. As shown in Fig. 4, models 1 and 2 pre-
dict cell contours that are always symmetric with respect to
a plane that intersectsthe cell at its largest cross section. The
video-micrographs shown in Fig. 1 indicate that this is not
a feature observed experimentally. These results suggest that
the load sharing mechanism ofthe cell may be more complex
than those described by models 1 and 2 . For example, the
cell nucleus, being more viscous than the surrounding
cytoplasm, may resist the radial deflection of the cell during
detachment by micromanipulation. The lack of symmetry
may reflect the nonhomogeneity in the interaction of CD2
with LFA-3, which may result from the interaction of CD2
with the cytoskeleton and its inability to diffuse quickly in
response to the applied force. Internal cell structures such
as microtubules, actin, and intermediate filaments may resist
the stretching action of the micropipette so the model of the
cell interior in terms of only a constant fluid pressure may
not be accurate.
The E ffectofLFA-3 Mobility on theStrength ofJurkat
CellAdhesion
The significant difference in adherence strengths of Jurkat
cells to planar bilayers containing TM LFA-3 vs. GPI LFA-3
after5-10 min incubation can not be accounted for by differ-
ences in their molecular size or their binding affinity with
CD2 or by variations in the nonspecific repulsion between
the cell and the substrate (6) .
The adhesion ofJurkat cells to planar bilayers containing
mobile LFA-3 may gain strength more rapidly than adhesion
to membranes containing immobile LFA-3, because the rate
of bond formation depends on the local mobility of the inter-
acting adhesion molecules (Bell (1)). In addition, GPI LFA-3
would be expected to diffuse into the contact area during the
duration of incubation to compensate for the depletion of
free LFA-3 molecules in that region due to bond formation.
This might in turn enhance further bond formation and redis-
tribution of CD2 into the contact region. According to the
fluid mosaic model advanced by Singer and Nicolson (32),
the cell membranes may be viewed as two-dimensional vis-
cous solutions of oriented globular proteins and lipids in in-
stantaneous thermodynamic equilibrium. The redistribution
of surface adhesion receptors by translational diffusion or by
1003Figure5 . The modeled detachmentby micromanipulation ofatypical Jurkatcell from a planarbilayercontaining GPI LFA-3 . The experimen-
tal cell contours in column 1 belong to the micromanipulation events shown in Fig. 1 A . The corresponding contours predicted by models
1 (circumferential tension = 0) and 2 (circumferential tension = meridional tension) are shown in columns 1 and 2, respectively. Only
part of the cell contour that remains between the planar bilayer and the tip of the pipette was computed . The cell projection inside the
pipettewas schematically drawn . The meridionaltensionatthe tip ofthe pipette was assumed to be continuous . The equations ofmechanical
equilibrium for an axisymmetric membrane given by Timoshenko (38) were integrated analytically for the following specified boundary
conditions : The radialdimension at the contact surface and the maximal radial dimension ofthe modeled cell are equal to the corresponding
experimentally measured values . In addition, the predicted value of the angle the cell makes with the direction of the pipette at the edge
of the pipette is set equal to the corresponding experimental value.
a metabolically driven process through the viscous mem-
brane has since been demonstrated to be closely related to
cell adhesion (7, 10, 21, 24) .
Comparison ofMicromanipulation Results with Other
Data on Jurkat Cell-LFA-3 Interaction
Chan et al . (6) investigated the effects of the duration ofincu-
bation and the surface density of LFA-3 molecules on the
percentage of Jurkat cells adhering to LFA-3-bearing sur-
faces by using plate inversion assays and laminar flow adhe-
sion assays . The Jurkat cells were allowed to settle onto pla-
nar bilayers reconstituted with LFA-3 molecules for I h .
These plates were then inverted for 1 h to detach unbound
cells . Bound cells were measured by a fluorescence plate
reader. Consistent with our findings, this study showed that
Jurkat cells bound to the GPI isoform at site densities one
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order of magnitude lower than those required for binding to
the TM isoform .
In laminar flow adhesion assays, Chan et al . (6) used fluid
shear stress (0.5-16 dyn/cmz) to detach the cells from the
bottom of a rectangular chamber that had been coated with
a planar bilayer. The cells were allowed to settle on the pla-
nar bilayer for 5 or 20 min before the application of shear
stress. The percentage of cells that remained attached after
the application of shear stress was found to decrease with the
increasing fluid shear stress . The percentage of Jurkat cells
that remained adhering to planar bilayers containing GPI
LFA-3 after the application of laminar flow reached a peak
at 5 min of incubation . The corresponding percentage was
considerably less for TM LFA-3 under the same conditions .
The difference between the shear resistances of cells adher-
ing to the two isoforms of LFA-3 diminished towards zero,
1004however, as the duration ofadhesion was increased to 20 min
and the surface density of LFA-3 molecules was increased to
1,500 sites/Am'.
Our experimental results are consistent with the flow
chamber data obtained after 5 min incubation. The apparent
discrepancy between micromanipulation data and flow
chamber data for long durations of incubation may be due
to statistical (single cell experiments vs. data on a cell popu-
lation) as well as physical reasons. In laminar flow assays,
the adhesion bonds between the cell and the substrate are
sheared in response to the lateral force applied on the cell
by the surrounding fluid. Furthermore, these bonds must
generate an appropriate torque to balance the moment ex-
erted by the fluid; i.e., some of these bonds must resist
stresses in the direction normal to the contact plane. In mi-
cromanipulation experiments, on the other hand, the adhe-
sion bonds located at the edge of conjugation experience sig-
nificant axial stretching but little shearing. It is possible that
the CD2-LFA-3 bonds resist against shear more efficiently
than stretching. It should be ofinterest to explore this further
in models and in experiments.
Conclusions
In this study, we characterized the direct contribution of
CD2/LFA-3 interaction to the physical strength ofJurkat cell
adhesion by using a micromanipulation method. Our tech-
nique enabled us to record the side views of Jurkat cells in-
teracting with a planar substrate during the period of incuba-
tion and the subsequent forced detachment. In addition, we
measured the minimum aspiration pressure needed to sep-
arate the cell from the planar substrate.
We showed that Jurkat T cells bound neither to clean glass
washed with the medium, nor to planar bilayers that did
not contain LFA-3 molecules. In contrast, Jurkat T cells
adhered strongly to planar bilayers containing GPI LFA-3
(lipid-anchored isoform of LFA3) . The contact area between
the cell and the substrate reached a maximum (20 Amt) af-
ter 5-10 min ofincubation. Jurkat cells in contact with a pla-
nar bilayer containing GPI LFA-3 at surface densities of
100-1,000 sites/Amz assumed approximately the shape of a
liquid drop. The adhesive energy density between a Jurkat
cell and a membrane coated glass chip containing 1,000 GPI
LFA-3 molecules/Am' at the initial stage of detachment was
ti 1/6 of the corresponding density between a cytotoxic T cell
and its target cell (39). In cytotoxic T cell-target cell interac-
tion, adherence strength increased during the course of cell
detachment (34). Jurkat T cells, on the other hand, under-
went extensive elongation in response to the pipette force.
When the contact radius was reduced by -50%, the cell then
detached quickly from its substrate.
We have also investigated the adhesion of Jurkat T cells to
planar bilayers containing 1,000 TM LFA-3 (trans-mem-
brane isoform of LFA-3) by using the same micromanipula-
tion procedure. Our results showed that the pressure re-
quired to separate the Jurkat T cells from the planar bilayer
containing TM LFA-3 was an order of magnitude smaller
than that from the planar bilayer containing GPI LPA-3. The
cells separated rapidly from the membrane-coated glass chip
without a significant change in their approximately spherical
cell shape. The TM and GPI isoforms ofthe LFA-3 molecule
have comparable binding affinity to CD2 but different mobil-
ity: GPI LFA-3 is highly mobile within the lipid bilayer,
T6zeren et al. Adhesion Strength of Jurkat Cells to LFA-3 Molecules
whilethe TM LFA-3 is laterally immobile. The present find-
ings illustrate the contribution ofthe CD2-LFA-3 interaction
to the physical strength of T cell adhesion and the impor-
tance of receptor diffusivity on the strength ofcell adhesion.
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